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DOCUMENTATION OF AIR2D, A COMPUTER PROGRAM TO SIMULATE
TWO-DIMENSIONAL AXISYMMETRIC AIR FLOW IN THE UNSATURATED ZONE

By Craig J. Joss and Arthur L. Baehr

ABSTRACT

This report presents a flow model that simulates the movement of air to or from a single
borehole screened in the unsaturated zone. The model can be applied to predict the flow field
associated with vapor extraction, a popular method for removing volatile organic compounds
spilled in the subsurface. An axisymmetric unsaturated domain and steady-state conditions are
assumed. The model has two analytical solution options--one for a domain connected directly to
the atmosphere and one for a domain separated from the atmosphere. The air-flow models have
been incorporated into a computer program called AIR2D. AIR2D can be used in a calibratior
mode to obtain estimates of unsaturated zone air-phase permeability from pneumatic pump test
data. Alternatively, AIR2D can be used in a prediction mode to simulate the performance of a
single venting well by generating pressure and flow values for a specified geologic setting, air
permeability distribution, and well discharge or injection rate.

Two field procedures are presented for performing pneumatic pump tests, a full-scale
permeability test and a small-scale permeability test. In the full-scale test, pressure measurements
are taken at multiple locations in the unsaturated zone. The data set then can be used to generste
horizontal and vertical air permeability estimates for the model domain, and if applicable, the ai-
permeability of an overlying lithologic unit of lower air permeability, which acts as a confining
unit. In the small-scale permeability test, a single pressure value at the well screen is determine
by measuring the system pressure at the surface and correcting the measured value for pressure
losses due to friction in the pipe. These data can be used to generate a composite air-permeabi “ty
estimate under the assumption of domain isotropy. AIR2D has the capability of analyzing data
sets from both types of pneumatic pump test.

AIR2D is written in Fortran '77 and, with minor modifications, will run on both personzl
and mainframe computers. The computer program for AIR2D and example data sets are
contained on the diskette provided with this report. The computer program is also available
through the World-Wide Web at the following address: http://wwwnj.er.usgs.gov .

The program is menu driven and runs from data files created or modified by using the editing
options in AIR2D.



SECTION 1.0--INTRODUCTION AND USER'S GUIDE

Government regulators and the public have become increasingly aware of the
contamination of soil and ground water by volatile organic compounds. This increased awareness
has led to the development of methods that improve the performance of remediation systems. A
technology known as vapor extraction or soil venting has emerged as an effective technique for
the remediation of soils contaminated with volatile organic compounds. Although vapor
extraction is relatively simple in concept, the air-flow pattern induced by venting can be complex.
The efficiency of the remediation system depends directly on the amount of air flow that inters=cts
the contaminant plume; therefore, some means of quantifying air flow is needed. Baehr and Hult
(1991) developed an analytical solution to the air-flow equation that describes the steady-state:
movement of air to or from a well that partially penetrates the unsaturated zone of the domain
open to the atmosphere. This solution is implemented by AIR2D.

Baehr and Hult (1991) developed another analytical solution for situations where the
domain is separated from the atmosphere by a confining unit. A modified solution based on tk=
well hydraulics solution presented by Hantush (1967) has been developed by Baehr and Joss
(1995) and also is implemented by AIR2D. AIR2D is a tool that can be used to apply basic
scientific principles to the design vapor extraction systems.

This report documents the software package called AIR2D, which computes pressure and
flow in an axisymmetric domain under steady-state conditions for either geologic condition,
domain open to the atmosphere or domain separated from the atmosphere. Examples of data
input and output for each program application are presented. Detailed descriptions of the file
layouts and contents of each program application also are presented. The computer program for
AIR2D and example data sets are contained on the diskette provided with this report. The
computer program is also available through the World-Wide Web at the following address:
http://wwwnj.er.usgs.gov .

Section 2 presents a theoretical overview of the two air-flow modeling options. The fi-st
option, Open, applies to a domain connected directly to the atmosphere and assumes that a water
table or impermeable unit forms the lower (no flow) boundary. The second option, Hantush,
applies to a domain separated from the atmosphere by a confining unit and simulates air
movement through the confining unit from the upper boundary. For the second solution, a water
table or impermeable unit forms the lower (no flow) boundary.

The air-flow model can be implemented in either a calibration or a prediction mode. Ir the
calibration mode, the model is used to estimate the air-phase permeability of the unsaturated zone
from data collected during a pneumatic pump test. Two field procedures--a full-scale pneumatic
pump test and a small-scale pneumatic pump test--are discussed in Section 3. The full-scale
permeability analysis involves injecting or withdrawing air through a well screened in the
unsaturated zone. The resulting pressure distribution, at steady state, can be measured by usinz a
network of probes surrounding the well. When the pressure at specific points in the domain ard
the mass flow rate at the well are known, the horizontal (k;) and vertical (k,) components of air-
phase permeability can be estimated by calibrating the governing model with AIR2D. If
applicable, the air permeability of the upper unit (k') can be estimated. Alternatively, the small-



scale permeability analysis involves injecting or withdrawing air through a vapor probe located in
the unsaturated zone. The well-head pressure measurement then is used to determine the pressire
at the probe screen by correcting for friction losses in the system. When the pressure at the probe
and the air-flow rate at the well are known, the composite permeability can be estimated by
calibrating the air-flow model with AIR2D. The small-scale permeability technique is equivalent
conceptually to performing a full-scale permeability test with a single pressure measurement in the
domain. The small-scale permeability technique was developed to take advantage of site
instrumentation, that was installed to conduct soil-gas surveys and that typically consists of
narrow tubing.

AIR2D also contains an option to estimate the friction factor that correspond to air flov’ in
a pipe. This is a required input value in the small-scale permeability analysis. The friction factcr
can be obtained from either experimental results or theoretical considerations. A brief overviev-
of both approaches is presented and experimental and theoretical friction factors are compared in
Section 3.

In the prediction mode, the models can be used to estimate pressure distribution values in
the domain, air-flow paths and air-flow rates for a given geologic setting, and well discharge or
injection rates. Because contaminant removal is proportional to air-flow rates, the models can be
used to design venting systems. In addition, the effects of low-permeability caps and different
screen intervals can be investigated with AIR2D.

For applications requiring a full three-dimensional analysis, the user is referred to the
companion model AIR3D (Joss and Baehr, 1995). Use of the total software package, AIR2D and
AIR3D, involves multiple applications of AIR2D to determine air-permeability distribution. The
permeability-distribution value is then used in AIR3D for a rigorous simulation of air flow through
multiple wells or trenches at a heterogeneous site.

An overview of the program AIR2D is presented in Section 4. With minor modificatiors,
the program can be run on a variety of computer systems, including personal and mainframe
computers. The program is menu-driven and provides options for either calibration or prediction
applications. In order to implement the program, input must be provided in data files. AIR2D
provides an editing option for creating and modifying the required input files. Alternatively, a text
editor can be used to create the necessary input files or modify existing files. Detailed
descriptions of the file layouts and contents for each program application are presented. Output
from AIR2D calibration runs is displayed on the computer screen, and, if specified by the user,
will be written to output files. Output from AIR2D prediction runs are written to separate
pressure, volumetric flow, mass flow, and well output files. The components and flow of
information in AIR2D are shown in figure 1. The TESTxx data file will vary according to mod-I
applications. The CALIB data file is required only when flow measurements are entered into
AIR2D in terms of flowmeter scale readings. The FRIC data file is required only for small-scale
permeability analyses. Descriptions of the data files can be found in Section 4.
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Figure 1. Components and flow of information in the AIR2D software package.
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The diskette provided with this document contains the following files:

README - an instructional narrative (ASCII text file),

AIR2D FOR - Fortran source code for air-flow model,

AIR2D EXE - AIR2D executable file,

DATA FILES - examples of AIR2D applications illustrated in
Sections 4.2, 4.3, 4.4, and 4.5.

Note that the executable files were created by compiling the corresponding Fortran codes
on an IBM-compatible personal computer with a Microsoft' Fortran compiler.

Users with access to Fortran compilers are encouraged to compile the source code. Th=

executable version of the code provided on the diskette (AIR2D.EXE) is intended only for users
who do not have access to a Fortran compiler. To install AIR2D on a computer with a Fortran
compiler, the installation and execution procedure is as follows:

1.

2.

Copy files from diskette to the computer.

Rename the source-code file so that it has the extension required by the Fortran compiler,
for example, for a mainframe, AIR2D F77, for a personal computer, AIR2D FOR.

Check input and output unit-number settings in AIR2D for compatibility with either
mainframe or personal computer. The sections of code that define these units are clearly
identified in the source codes and are defined in the reference manual. (See Section 4.1.4
for instructions.)

Compile the source code. For example, the command for the Microsoft Fortran compiler
is FL AIR2D.FOR.

Run an AIR2D simulation by first creating the data-input file required to define the
simulation:

TEST1x - full-scale permeability data file (see Section 4.2.1),
TEST2x - small-scale permeability data file (see Section 4.3.1),
TEST3a - experimental friction factor data file (see Section 4.4.1),
TEST3Db - theoretical friction factor data file (see Section 4.4.2),
TEST4x - pressure / flow prediction data file (see Section 4.5.1).

Then, execute the program AIR2D. For example, the command to run AIR2D on a
personal computer is AIR2D.

Users are encouraged to test their understanding of the AIR2D software package by

performing test simulations with the data files provided.

1. The use of trade names in this report is for identification purposes only and does not constitute
endorsement by the U.S. Geological Survey.



SECTION 2.0--AIR-FLOW MODELING

2.1 Overview of Air-flow Modeling

Simulating air movement in porous media historically has been an important area of research
in the petroleum industry. Pioneering work in this area was performed by Muskat and Botset (1931),
who developed a one-dimensional (radial) air-flow model to evaluate the horizontal permeability of
gas reservoirs. Air-flow models also have been used to evaluate the permeability of other formations.
Boardman and Skrove (1966) injected air into isolated sections of test holes and measured pre-sure
distributions at radial distances to obtain the value of horizontal permeability of fractured granitic
rock. Weeks (1977) describes the use of atmospheric variations in air pressure to calculate the
distribution of vertical air permeability of the unsaturated zone. Massman (1989) adapted the Theis
solution for one-dimensional radial ground-water flow to a well to predict pressure drawdown with
a vapor extraction well. However, a one-dimensional model poses serious limitations in evalu~ting
air-permeability distribution. Baehr and Hult (1988) presented two-dimensional analytical solutions
for transient air flow to a well. However, their derivation required that the well be modeled as an
infinitesimal line source. The steady-state solutions presented here allow for a well of finite radius,
which can be an important modeling capability for the simulation of a small-scale permeability
pneumatic test.

Numerical models for simulating gas flow in the unsaturated zone have been developed
recently by Wilson and others (1987), Metcalf and Farquhar (1987), Pruess (1987), Wilson and o*hers
(1988), Baehr and Hult (1988), Sleep and Sykes, (1989), Falta and others (1989), Thorstenson and
Pollack (1989), Mendoza and Frind (1990), and Baehr and Bruell (1990). Despite these
developments, further refinements to the models are needed to facilitate the design vapor extraction
systems.

22 Air-Flow Equation

The theory of compressible fluid flow in unsaturated porous media, as presented by Baehr and
Hult (1991), is outlined in this section to provide the user with an understanding of the mndel
assumptions leading to the basic air-flow equation.

The air-flow equation for an unsaturated porous medium is derived by applying several basic
equations. The derivation starts with the conservation of mass equation for air flow in an unsaturated
porous medium which is given by:

3(p8)+ V- (pg) =0 (1)
ot
where
p = density of the air [ g/em’ ]
6 = air-filled porosity [-]
t = time [s]
q = specific-discharge vector for air [ em/s ]



Darcy's Law for air flow is assumed and is written as follows:

q =-pgkVh )
—~ “ -~

where
pn = dynamic viscosity of air [ g/ecm-s ]
g = acceleration due to gravity [ em/s? |
h = air-phase potential head [cm]
k = air-phase permeability tensor [em?]

In the most general case, 5 should be regarded as a tensor; however, here it is assumed that the
coordinate system is aligned with the principal axes with respect to air-phase permeability.

Hubbert (1940) defined head for a compressible fluid as follows:

h=z+_1_fP_1_dP 3)
g /P

P

where, for the air phase in the unsaturated zone,

z = elevation head [em]
P = air-phase pressure [ g/cm-s |
P, = reference air-phase pressure [ g/cm-s* ]

The ideal gas law is assumed to relate pressure and density and thus provides a model for air
compressibility as follows:

p = wP (4)
RT
where
w = average molecular weight of air phase (that is 28.8) [ g/mol ]
R = universal gas constant = 8.314 x 10’ [ g-cm?/s*-mol-K]
T = temperature [K]

By substituting equation (4) into equation (3), assuming w and T are constant, neglecting the
elevation component of head, and substituting the result into equation (2), the following expression
for Darcy's Law in terms of P is obtained.

VP %)

uy

g=-1
m



Substituting equations (4) and (5) into equation (1), using the following linearizing cl ~nge
of variable suggested by Muskat and Botset (1931) for air flow:

¢ =P ©

and making the additional assumptions discussed below, the following transient air-flow
equation for axisymmetric flow is obtained.

gl 0= 82¢+k18¢+k *d 7
p\/ ¢ ot or ror oz* @
where

r and z are polar coordinates aligned along the major

axes of the air permeability k, and k,
¢ = pneumatic pressure squared term [ (g/cm-s%)? ]
t = time [s]

The right-hand side of equation (7) is linear in ¢ and, therefore, amenable to analvtical
solution. In obtaining equation (7), the following additional assumptions were made (refer to F aehr
and Hult, 1991):

the elevation component of head is neglected,

air-filled porosity, temperature, and average molecular weight for air are assumed to
be constant;

domain is assumed to be homogeneous with respect to k, and k,;

the Klinkenberg Slip Effect is modeled as an averaged effect and does not depend on
the air-pressure gradient.

Under these assumptions and assuming that a well has an infinitesimal diameter, Baehr and
Hult (1988) developed an analytical solution to equation (7) for both transient and steady-state cses.
The assumption that a well has an infinitesimal diameter is necessary to obtain a transient solution.
If only the steady-state air-flow equation

kP +k Lab 1k, P = 0 ®)
or? ror 9z’

is considered, analytical solutions exist for the case of a well with finite diameter (see Baehr and
Hult,1991).

Only steady-state analysis is required to determine air permeability. The finite diameter well
modeling capability is important for small-scale field tests and for simulating the effects of high
permeability gravel packs.



AIR2D implements two analytical solutions to the steady-state air-flow equation (8). Each
corresponds to the characteristic of the top horizontal boundary condition. The two alternatives are

(1) the top of the domain is in direct contact with the atmosphere, and pressure is se* at
atmospheric pressure, which represents a first kind boundary condition, and

(2) the domain is separated from the atmosphere by a confining unit which is modeled by uring
a third-kind boundary condition.

The derivation of solution 1 is presented by Baehr and Hult (1991). The derivation of solution
2 is presented by Baehr and Joss (1995) and emulates the well-hydraulics solution of Hantush (19¢7).

2.3.1 Solution for a Domain Connected Directly to the Atmosphere
A schematic of the model domain is shown in figure 2. The top of the unsaturated zon= is

assumed to be in direct connection with the atmosphere. The bottom boundary is formed by the
water table or an impervious unit. The analytical solution to equation (8) from Baehr and Hult (1971)

is as follows:

¢ = P, +_2aQ° ©)
n?k (I-d)r,,
{zm: llcos<mbld)' Cos(mbn—l)}Ko(MmE>sin(an)}
= MK, (ML) *
where
¢ = air pressure squared [ (g/em-s%)* ]
P,.= atmospheric pressure [ g/em-s? ]
Q = constant mass flow rate [ g/sec ]
Q" = QuRT
w

p = dynamic viscosity of air [ g/cm-sec ]
R = universal gas constant = 8.3143 x 10’ [ g-cm*s*-mol-K]
T = absolute temperature [K]
w = average molecular weight of air phase [ g/mol ]
k, = horizontal air permeability [ cm?]
k, = vertical air permeability [em?]
a = square root of anisotropy ratio (k/k,)” [-]
r,, = radius of the well (to filter/soil interface) [cm]
r = radial distance from well center line [cm ]



z=0

z=b

)

N

I

i Q

Water Table or Impervious Unit

Figure 2. Domain connected directly to the atmosphere.

10




and

z = vertical distance from land surface [cm]
b = vertical thickness of domain (see figure 2) [cm]
d = distance from land surface to top of the well [em]
screen (see figure 2)
1 = distance from land surface to bottom of the well [em]
screen (see figure 2)
m =n-1
2
K, = zero order modified Bessel function of the second kind
K, = first order modified Bessel function of the second kind
M,= (mr)

b

Equation (9) gives pressure at any point (r,z) in the model domain. Equation (¢) is
differentiated as shown below to obtain analytical expressions for the pressure gradient used to define
specific discharge.

where

% = KI5 Mo oy sinM2) KM, )} (10)
g_:.).= %({HZ; mamcos(Mmz)KO(Mmg)} (11)
K = Zag'

n’k(-d)r,

o =1 [ cos (M,,d) - cos (M,}) ]
& MK, M, 1)

Volumetric specific discharge in the horizontal (r) and vertical (z) directions are obtained by

combining

Arv

Qv

where

Qv
A

The factor

equations (10) and (11) with Darcy's Law, equation (5), and are given as follows:
-._ k9 (12)
2uve or
—._k 3 (13)
2uve oz
= volumetric specific discharge in horizontal direction [cm/s ]
= volumetric specific discharge in vertical direction [ cm/s ]

2V ¢ that appears in equations (12) and (13) results from the substitution of ¢=P? into

11



Darcy's Law, equation (5).

Mass specific discharge in the horizontal and vertical directions is obtained by multir'ying
volumetric specific discharge by density, given by equation (4), as follows:

QG =-_9k 0% (14)
2uRT or
G =-_9k 9 (15)
2uRT oz
where
Q. = mass specific discharge in horizontal direction [ glem?-s )
Q.. = mass specific discharge in vertical direction [ g/em’s ]

In the above equations, (0¢/0r) is given by equation (10) and (6¢/9z) is given by equation
(11). The flow rates also can be integrated over horizontal and vertical surfaces in the domez*n to
obtain net flow through two-dimensional sections in the model.

The mass flow rate in the horizontal direction, through a vertical two-dimensional su-face
(that is a cylindrical face) at radius r,, is obtained by integrating over two pi radians between a lower
(z,) and upper (z,) depth, as follows:

Z,
Qm =271, G dz (16)
Z
where
Q.. = mass flux in r-direction across vertical control face [g/s]

The mass flow rate in the vertical direction, through a horizontal two-dimensional su-face
(that is, a disk) at depth z,, is obtained by integrating over two pi radians between an inner (r,) radius
and outer (r,) radius, as follows:

%)
Q. =2nf Qm T dr 17)

I

where
Q,. = mass flux in z-direction across horizontal control face [g/s]

12



The quantities defined by equations (16) and (17) are interpreted in normalized terms by
dividing mass flow rate by the total mass flow through the well, as follows:

F, = &n x 100 (18)
Qwell
where
F,. = percent of total mass passing through a two-
dimensional section [%]
Q. = mass flow rate passing through a
two-dimensional section (Q,, or Q) [g/s]
Q.x = total mass flow rate through a well [g/s]

By substituting equations (10) and (14) into equation (16) and integrating between the lim'ts
z, and z, at radius r, over two pi radians, the following solution to horizontal mass flow througl a
vertical two-dimensional surface is obtained.

rcwk,Kb{i M, 2o K, M, 1) (19)

th(rc’zl’ZZ) = p R T a m a

n=1

[cos M,z) - COS(MmZz)”

By substituting equations (11) and (15) into equation (17) and integrating between the lim‘ts
r, and r, at depth z, over two pi radians, the following solution to vertical mass flow through a
horizontal two-dimensional surface is obtained.

-nzmkzlb(a {Z m a,, cos (M_ z) (20)
HRT m My,

Qu(Zo,1,1) =
[ 6K (My2) - 1Ky (M) ”

Equations (19) and (20) provide estimates of the mass flow rate through vertical and
horizontal two-dimensional sections in the model domain. By incorporating the above results into
equation (18), flow through the surfaces can be represented as a percentage of the total flow out of
the well.
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2.3.2 Solution for a Domain Separated From the Atmosphere by A Confining Unit

A schematic of the model domain is shown in figure 3. The upper, leaky confining unit
consists of a strata less permeable to air than the domain. The bottom boundary is formed b the
water table or an impervious unit. This solution simulates flow through the unit by using a third-kind
boundary condition, as suggested by Hantush (1967). Baehr and Joss (1995) present the deriv-tion
of the solution for air flow, which is obtained by using a generalized cosine transformation. The
solution is as follows:

= P2 2hQ"ab
¢ =Pyt T (21)

b [sin<q»b6‘1>-sin( q"%‘)Hcos( E )k, (2

2 T sl
q? K, (Unfw h + sin’q, ab
(8 )
where
q,, n=1,2,3, .. are the positive solutions to tan (q,) = h/q,
and
h =(Kbkpb) [-1
k., = horizontal permeability of the air phase [ em?]
k, = vertical permeability of the air phase [em?]
k' = permeability of upper unit [em?]
b’ = thickness of upper unit [cm ]

In AIR2D the solutions g, are obtained numerically by using the Newton-Raphson iterztion.

Pressure gradients are given by:

g—?=-£§{§ qn“ncos{qn(l?b-_z))Kx(‘:'_;)} (22)
and
ob = K[ ¢ )
. ;_Z ;{:-A? qn“nsm(qn (%{))Ko(%;%)} (23)
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Figure 3. Domain separated from the atmosphere by a confining unit.
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where

K = hgtab
T k(l-d)r,,
- -}
w = [sin(qnbgd) -sin(qnbt_,_)]
n 2 Qul'w s .2
q’ Kl(?b_)(h+smqn)

Specific discharge components are obtained by substituting equations (22) and (23) into
equations (12) through (15). By substituting equations (22) and (14) into equation (16) and
integrating between the limits z, and z, at radius r, over two pi radians, the solution to horizontal
mass flow through a vertical two-dimensional surface is obtained.

The horizontal mass flow solution is as follows:

_ nrcwk,K{ - o KT
Qu(Te-21,2,) “aRTa ; n 1(-a—b) (24)

sin g, bar)-sine ba | I}

By substituting equations (23) and (15) into equation (17) and integrating between the limits
r, and r, at depth z, over two pi radians, the following solution to vertical mass flow throuth a
horizontal two-dimensional surface is obtained.

Qu(zoror) = ~EEEKR IS o, sinfan beze | @25)
n=1 b

nKi(ep)-nk(en) |}

Equations (24) and (25) provide estimates of the mass flow rate through vertical and
horizontal two-dimensional sections in the model domain. By incorporating the above results into
equation (18), air flow through the surfaces can be represented as a percentage of the total air flow
out of the well.
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SECTION 3.0--EVALUATION OF UNSATURATED ZONE AIR PERMEABILITY
THROUGH PNEUMATIC TESTS

3.1 Qverview of Pneumatic Pump Testing

Before proceeding to instructions for using AIR2D (Section 4), users unfamiliar with ficld
methods for conducting pneumatic tests are advised to read this section. A knowledge of basic field
data requirements and acquisition techniques makes it easier to understand the formatting of dcta
input and output files as required and generated by AIR2D. Two procedures are presented for
conducting pneumatic-pump tests to estimate the air-phase permeability in the unsaturated zone--the
full-scale permeability test and the small-scale permeability test.

A full-scale permeability test is an in-situ procedure for determining the horizontal (k.) and
vertical (k,) components of air permeability in the unsaturated zone. The procedure is direc‘ly
analogous to the calibration method used in aquifer testing. The test procedure involves injecting or
withdrawing air through a well screened in the unsaturated zone. The induced air flow stresses the
domain, and the resulting pressure distribution, at steady state, can be measured by using a netwck
of probes surrounding the well. Air-pressure measurements at the surrounding probes are made
under static-flow conditions in the pipe that connects the probe to land surface with manometers or
pressure transducers. The steady mass flow rate at the well also is measured. When the pressure at
specific points in the domain and the air-flow rate are known, estimates for k, k,, and if applicab'e,
k are obtained by calibrating the appropriate analytical solution with AIR2D. AIR2D executes the
calibration procedure by using a least-squares parameter search. By refining the scale of the test, the
air-permeability of small volumes of sediment can be determined. A major advantage of a full-scale
test is that it provides estimates of air-permeability components k,, k,, and if applicable k', whereas
a small-scale permeability test determines a single composite permeability. Full-scale tests, however,
are costlier to implement.

The small-scale permeability test is intended to provide an air-permeability estimate for a small
volume of sediment. Homogeneity (k = k, = k,) must be assumed because only one data point is
available at the air withdrawal/injection location. The test procedure involves injecting or
withdrawing air through a probe (screened well) located in the unsaturated zone. Pressure is
measured at land surface by attaching a water manometer to the pipe connected to the probe. To
determine the pressure at the probe, the surface pressure measurement is corrected for pressure loss<s
due to air flow through the pipe (Section 3.3.1). Pressure losses can be significant for small-diameter
pipes and high flow rates. The mass flow rate at steady state also must be measured. When the
pressure at the probe and the mass flow rate are known, a composite estimate of air permeability (k
=k, =k,) can be obtained by calibrating the air-flow models of AIR2D. The small-scale permeabil‘ty
technique is conceptually equivalent to performing a full-scale permeability test with a single pressure
measurement in the domain. In the design of venting systems, an areal survey, consisting of several
small-scale permeability tests, can be used to identify high permeability strata along which air will
flow preferentially.
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3.2 Full- P ility Field T

The equipment, procedures, and measurements that constitute the full-scale permeability tests
are described in this section. The field data collected during the full-scale tests can be used to
calibrate the analytical models that were discussed in Section 2.2 by using the computer program
AIR2D.

3.2.1 Equipment and Measurements

A description of the equipment used at the Bemidji, Minn., and Galloway, N.J., research sites
(Baehr and Hult, 1991; Fischer and others, 1991) is presented below. A schematic of the test
equipment used at the Bemidji research site is shown in figure 4.

The full-scale permeability tests at both sites used wells constructed with stainless-steel
casings and well screens. At the Bemidji site, casings had an inside diameter of 10.2 cm and a wall
thickness of 0.64 cm. The well screen extended over a 60-cm interval. The well was set in a 23-cm-
diameter hole drilled with a hollow-stem auger. The annulus between the casing and the borehole
wall, adjacent to the screened intervals, was filled with pea gravel. To prevent airflow through the
borehole annulus, a cement and bentonite grout was placed in the borehole interval from just above
the screen to land surface.

At the Bemidji site, pressure probes were constructed from flexible copper tubing; the inside
diameter of the tubing was 0.159 cm and the wall thickness was 0.159 cm. To form the probe-. 10
cm of tubing was slotted at the lower end. The copper tubing extended to land surface and was
attached to either a + 5 Ib/in? pressure transducer for digital recording of data or a water manometer
for visual readings. The transducers used at the Bemidji and Galloway sites were manufactured by
Setra Systems (model # 239) and Omega (model #PX170).

Probes surrounding the well were nested in holes drilled with a 10-cm-diameter aug-r at
distances of 100, 300, and 1,000 cm from the center of the wells. The holes were filled with native
sand, and granulated bentonite was used to provide a 10-cm-thick layer equidistant between verti~ally
adjacent probes to prevent air flow in the annulus between probes. At Galloway, holes were drilled
with a hand auger to obtain a detailed description of the sediment. Also clean sand was used betv-een
the bentonite seals because of simultaneous use of the holes for soil-gas surveys. Water manometers
provided accurate measurements of steady-state air pressure at both sites, except for the pressu-e at
the well screen of the pumped well where the water manometer readings attained impractically large
values.

Thermistors ( Yellow Springs Instruments, model #45016) were waterproofed and buried to
determine the temperature profile in the unsaturated zone. The temperature, the probe depth below
land surface (z), and the system pressure measured at the land surface (P,) were used to adjus* the
probe pressure (P,) according to the following relationship:

P, = Pexp((® g2)/(R T,y.)) (26)

T

where
= depth averaged temperature between probe and surface [Kelvin]

ave
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Figure 4.--Site instrumentation for conducting full-scale permeability
tests at the Bemidji research site.
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Results from the Bemidji site show that although the pressure adjustments made accor ling
to equation (31) were small, they fell within the range of instrument sensitivity. A thermistor and
pressure probe were set in the well stand up to obtain the temperature and pressure of the air flowing
out of and into the well. An Omega air flowmeter (model #fMA604V) was used to measure the
velocity of air flow in the well: velocity, temperature, and pressure were used to obtain a mass flow
rate. At Galloway, a Rotron regenerative blower (model # DR313) was used to induce flow.

Prior to beginning the test, atmospheric pressure and temperature are recorded. The test
consists of injecting or withdrawing air through the well screened in the unsaturated zone. The
pressure response throughout the monitoring network and the mass flux through the screen are
measured during the test. Several different flow rates are used to obtain various flow versus pres-ure
responses over a range of values. Only steady-state pressure readings can be used to calibrate AIP2D
models. The steady-state condition is reached when the air flowmeter and water manometer or
pressure transducers stabilize. Transient responses can be measured, however, when pres-ure
transducers are used. The transient mass flow rate, determined with well instrumentation, is us<ful
in identifying when steady-state conditions are achieved.

Prior to beginning the test, atmospheric pressure and temperature are recorded. The test
consists of injecting or withdrawing air through the well screened in the unsaturated zone. The
pressure response throughout the monitoring network and the mass flux through the screen are
measured during the test. Several different flow rates are used to obtain various flow versus presmire
responses over a range of values. Only steady-state pressure readings can be used to calibrate AIF 2D
models. The steady-state condition is reached when the air flowmeter and water manometer or
pressure transducers stabilize. Transient responses can be measured, however, when pressure
transducers are used. The transient mass flow rate, determined with well instrumentation, is useful
in identifying when steady-state conditions are achieved.

3.2.2 Site Classification and Geology

Definition of the geology domain is based primarily on an interpretation of the boring logs
made during the well and probe installation. As discussed previously, two models can be used to
analyze the full-scale permeability test data. The first model applies to a domain open to the
atmosphere (Section 2.2.1). The second applies to a domain separated from the atmosphere by a
confining unit (Section 2.2.2). Choice of the model, and hence data collection requirements, depends
on the geology of the site and the scale on which the testing is done. An important distinction in data
collection for the two modeling alternatives is the location of the datum (or axes) used to measure
depths. For an unconfined domain, depth measurements in the domain are made from the land
surface. For a confined domain, depth measurements in the domain are made from the bottom of the
upper unit. Therefore, the following geologic data are recorded

presence or absence of an upper unit,

thickness of upper unit,

thickness of domain, namely distance between land surface (or bottom of upper unit) and the
water table,

depth to top of the sand pack around well screen from land surface or bottom of upper unit,
depth to bottom of the sand pack around the well screen from land surface or bottom of
upper unit.
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3.3 Small-Scale Permeability Field Tests

During a small-scale permeability test, pressure is recorded only at the injection or withdrawal
probe. Pressure along the pipe connecting the probe to the surface can drop significantly (for narrow
pipes and high flow rates) compared with pressure drops that occur in the porous media. Hence, the
loss in pressure must be taken into account when implementing the air-flow models. AIR2D accounts
for pressure losses in pipes by incorporating equations from elementary fluid mechanics, as described
in this section.

3.3.1 Pressure Loss Due to Flow Through a Pipe

For steady-state flow of a compressible fluid in a pipe, the equation that defines fluid press-ire
along the pipe is:

- = +f

(%g 2%) pv: + Bpv %5)(1 27
where

P = pressure [ g/cm-s* ]

y = coordinate along length of pipe [em]

f = friction factor [-]

D = internal diameter of the pipe [cm ]

p = density of the fluid (air) [ g/em?® ]

\' = velocity of fluid in pipe [ cm/s ]

3 = constant (assumed to be unity here) [-]

Equation (27) incorporates the effects of friction and fluid compressibility. By substituting
equations (4) and (6) into equation (27) and recognizing that vp is constant for steady-state flow
(that is, vp = v, p,), the following expression is obtained,

— 2
g = (o) RT|£ B%%%] (28)
where
$ = square of pressure [ (g/cm-s*)* ]
R = universal gas constant [ g-em?¥/s*-mol-K]
T = temperature of air in tube [K]
A = average molecular weight of air phase [ g/mol ]
v,p; = mass flow rate [ glem®s ]
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Equation (28) is a non-linear ordinary differential equation that requires numerical solution.
An approximate analytical solution to equation (28) is obtained by assuming that (1/¢) on the right
hand side of the equation can be expressed as follows:

1 - (29)
s
where
$ = Plzi' (Vl'pl)ZBl £y
o D
P, = system pressure measured at well head [ g/cm-s’ ]
2 = velocity of air in tube at P, [ cm/s ]
p; = density of the air in tube at P, [ glem’ ]
y = half the length of the tube [cm ]
+ for withdrawal of air

for injection of air

The expression for ¢ is obtained by neglecting the compressibility term (p pvdv/dy) in
equation (27). The solution obtained by substituting equation (29) into (27) agreed with a numerical
solution to the original nonlinear equation. Therefore, the adjustment for pressure losses in the pipe
incorporated into AIR2D is

= p? C (D) 30
¢ P CB(/¢)-1 Y ©30)
where
C = (v1.p))* RT
w

Equation (30) is used to predict pressure at the probe by using surface pressure measurements
(P,). All the factors needed to apply equation (30) can be measured directly with field equipment,
except for the friction factor which must be obtained experimentally or from theoretical
considerations. An overview of procedures that can be used to determine the friction factor is
presented below.
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3.3.2 Theoretical Evaluation of Friction Factors

Flow conditions in the well may be classified as laminar, transitional, or turbulent. The flow
condition is defined by the Reynolds number:

Re = pvd (31)
u
where
Re = Reynolds number [-1]
p = density of fluid [ g/em’ ]
\ = velocity of fluid [cm/s ]
d = diameter of tube [em]
u = dynamic viscosity of fluid [ g/lcm-s ]

On the basis of the Reynolds number, the following flow conditions can be identified.
0 < Re < 2,000 -> Laminar
2,000 < Re < 4,000 -> Transitional
4,000 < Re -> Turbulent

Many theoretical formulations are available for predicting friction factors. The discussion h-re
is limited to the equations used directly in the program AIR2D. Note, however, that the program also
can accept friction factor input directly from the user. Thus, values based on any suitable method can
be specified for the friction factor by the user. The equipment required to conduct the small-scale
permeability analysis is sufficient to conduct experiments to determine the friction factor as a funct'on
of Reynolds number (see Section 3.3.3).

3.3.2.1 Theoretical Friction Factors for Laminar Flow Conditions

For laminar flow through a straight pipe of circular cross section, the following express:on
is used.

f=64 32
g (32)
where
f = friction factor [-]
Re = Reynolds number (Re < 2,000) [-]

Equation (32) was developed from the Hagen-Poiseuille equations for flow through a pioe.
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3.3.2.2 Theoretical Friction Factors for Turbulent Flow Conditions

Under turbulent flow conditions, the resistance to flow offered by the pipe walls depenc's to
a large extent on the roughness of the wall surface. The wall roughness can be expressed in terms
of a relative roughness term:

=k 33
R, K (33)
where
k = height of a surface protrusion [em]
D = diameter of cross-section [em]

When the roughness is minor, that is, all protrusions in the pipe wall can be contained within
the laminar sublayer, the wall is considered to be hydraulically smooth. Then, the friction fa~tor
depends on the Reynolds number alone, and R, = 0. When protrusions extend partly outside the
laminar sublayer, additional resistance is encountered (compared with a smooth pipe) as a result of
the protrusions in the boundary layer. Such sections are considered to be transition regions. In
transition regions, the friction factor depends on the Reynolds number and on the relative roughness.
When protrusions reach outside the laminar sublayer, by far the largest part of the resistance to flow
results from the protrusions in the boundary layer. Such sections are considered to be completely
rough regions. In completely rough regions, the friction factor depends on the relative roughness
alone.

The above regions, described by Schlichting (1979), are incorporated in the Colebrook and
White transition law (Colebrook and White, 1937). For turbulent flow through a straight pip~ of
circular cross section, the Colebrook and White transition law can be used to predict the friction
factor as follows:

A= -210g ( R +_23] (34)
@° 5137 R
where
f = friction factor of tube flow [-]
Re  =Reynolds number (Re > 4,000) [-1]

If the materials selected for use as connector pipes for probes are smooth (that is, R, = 0), the r<ed
to evaluate R is eliminated.

3.3.2.3 Theoretical Friction Factors for Transitional Flow Conditions

A transition region is present for the Reynolds numbers from about 2,000 to 4,000, the range
in which flow changes from laminar to turbulent conditions. In the transition region, flov- is
inherently unstable, and expressions for evaluating friction factors are generally inaccurate. AIF 2D
obtains theoretical friction factors in the transition region by linearly interpolating between fric‘ion
factor values at Reynolds numbers of 2,000 and 4,000.
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3.3.2.4 Minor Friction Losses in Tubes

Note that the equations used to predict friction factors apply only to fully developed flow.
When a fluid enters a circular pipe, the velocity distribution across the pipe varies with the distance
from the inlet (Schlichting, 1979). The velocity distribution is nearly uniform near the inlet. Farther
downstream the velocity distribution changes as a result of the influence of friction, until a fally
developed velocity profile is attained at a distance L; from the inlet and remains constant downstream
so that

L = (0.03) (D) (Re) for laminar flow (35)

25(D) < L, < 100 (D) for turbulent flow (36)
where

D = internal tube diameter [cm]

Re =Reynolds number [-]

A simplifying assumption made in the small-scale permeability analysis is that friction los<es
over the entire length of the pipe can be approximated by losses associated with fully developed flow.
Ideally, the user should ensure that this assumption is valid under the test conditions be‘ng
investigated. A second simplifying assumption is that the losses arising from changes of sectin,
junctions, bends, and valves are considered negligible. The program AIR2D does not provide for any
means of incorporating these losses into the analysis.

The minor friction losses in the pipes, the assigned values for the relative roughness terms,
and the implicit assumptions incorporated in the theoretical approach introduce a level of uncertainty
in the friction-factor predictions. A more reliable approach to quantifying friction losses in the probe
pipe is the use of experimental techniques. The experimental approach is presented in the n~xt
section. In general, the model sensitivity to friction factor selection is significant. Ideally, the user
should always test the effect of friction-factor selection on the model output.

3.3.3 Experimental Evaluation of Friction Factors

Friction factors also can be obtained by using experimental data to calibrate equations that
describe friction losses. The field procedure involves withdrawing air through a length of tubing #nd
measuring the pressure drop between the ends. One end of the tube remains at atmospheric pressire
during the experiment. A manometer and flowmeter are connected to the other end of the tube. By
varying air flow through the tube section, pressure drops can be measured over a range of flow rates.
By rearranging the pipe-flow solution given by equation (35), an estimate for the friction factor is
obtained as follows:

£foo= P[E-_cg 1 HPZ-PZJ (7
Llp RT(v,p Il ™™
where
$ = % [ P} + Paztm ]
L  =tubelength [em]
B = constant (assumed to be unity) [-1
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The Reynolds number, corresponding to the flow conditions at which the friction factor was
determined, can be calculated by using equation (31). Hence, a series of Reynolds number-fri~tion
factor correlations can be generated for different flow rates. Interpolation is necessary to estimate
friction factors for the test measurements over a continuum of Reynolds numbers. A cubic spline
technique (Gerald and Wheatley, 1989) is included in AIR2D to perform this task. AIR2D u<es a
cubic spline to interpolate data sets containing discrete Reynolds number-friction factor correlations,
thereby predicting intermediate values. Hence, experimental friction-factor data can be used in a~tual
test simulations in which a wide range of Reynolds numbers are encountered.

3.3.4 Equipment and Measurements

Basic components of the field equipment necessary to perform the small-scale permeahility
evaluations of the unsaturated zone include

- a length of pipe with a probe at the end,
+ a water manometer or pressure transducer,
- a flowmeter (for example, a rotometer),
- a chamber to trap water,
- a pneumatic pump (and power supply),
- a thermometer or thermistor, and
- a barometer for determining prevailing atmospheric pressure.

A brief description of the technique as applied at the Galloway research site (Joss and others,
1991) is presented below. Figure 5 is a schematic of the test equipment as it is setup at the site.

At the Galloway site, probes used for small-scale permeability tests also were used for
unsaturated zone vapor sampling; therefore, narrow (0.25-inch diameter) stainless-steel tubing was
used to fashion the probes, that were open at land surface. Ideally, wider tubing is used for a small-
scale permeability test to minimize pressure loss at high air-flow rates. Vapor probes at the site were
located at the midpoints of lithologic units in the unsaturated zone. Probes were set in hand-augured
boreholes about 7.6 cm in diameter. The annulus between the probe and the borehole wall was filled
with a coarse silica sand. The sand pack surrounding each probe was sealed at top and bottom with
bentonite to prevent air movement along the borehole. Because of the high permeability of the sand
pack relative to the in situ material, the pressure drop between the probe and the borehole wall was
assumed to be negligible. This assumption required that the dimensions of the sand pack, rather than
the tube diameter, be used as the well radius in AIR2D. Similarly, the length of the sand pack, rather
than the length of the slotted interval at the tube end forming the probe, was assumed to be the well-
screen length. Under moist conditions, the test can induce water movement in the unsaturated zone
that can flow through the system and foul the flowmeter. A water trapping chamber was inst-~lled
between the water manometer and the flowmeter to capture any water entering the system (see ficure

5).

Rotometers were used to measure air-flow rates ranging from 0 through 80 liters per minute.
The following rotometers were used at the Galloway site:

Gilmont (serial no. E9382), size 5, with glass float (BB);

Cole-Parmer (flowmeter serial no. 006211) (tube serial no. N034-39), with stainless steel
float (ST),

Cole-Parmer (tube serial no. N082-03) with stainless steel float (ST).
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The following rotameter adjustment formula from Perry and Green (1984) compensates for
the effects of nonstandard temperatures and pressures on flow-rate measurements.

. =|BL|RL|%, (38)
P a Tb Pb Ta
where
q. = corrected flow rate for prevailing P, and T, [cm’/s ]
q, = actual flow rate for standard P, and T, [em’/s ]
P = pressure [ g/cm-s? ]
T = temperature [K]

The pump and motor used at the Galloway site were as follows:

Gast Manufacturing, Inc. Pump (model number 0522-V4FG180DX, serial number 0689);,
Emmerson 1/3 horsepower Motor, 1,725 revolutions per minute (model number SA
55NXGTC-4143).

At Galloway, as previously mentioned, the vapor probes were installed by using a 7.6-cm hend
auger, therefore, it was possible to document t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>